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20 ABSTRACT 
The deportment and speciation of trace elements during mining and  minerals processing is becoming an 
area of  increasing concern with  regards  to  potential health and environment risks  within the  immediate 
vicinity and surrounding area of mining and minerals processing operations.  This concern also extends to 
the  transport of concentrates  and  other products from  site to  other facilities  for  further  processing.  In 
many  cases  the  hazards  associated  with  trace  elements  in  the  ore  are  exacerbated  through  their 
concentration in the processing plant. 
In  Australia,  the  National  Pollutant  Inventory  (NPI,  2010)  lists  antimony,  arsenic,  beryllium  cadmium, 
chromium  (1I1&VI),  cobalt,  copper,  cyanide,  lead,  manganese,  mercury,  nickel,  selenium  and  zinc  as 
monitoring  targets.  From  NPI  data,  the  main  trace  metal  emissions  to  the  environment  from  metal 
processing  operations  are  generally  lead,  arsenic,  antimony  and  cadmium.  Other  trace  elements  of 
possible concern are mercury, bismuth, selenium and tellurium. 
However, little is known about the deportment and speciation of these trace elements in gold processing 
solutions, and how they vary in the leaching, carbon adsorption and tailings disposal facilities. 
The  use  of chemical  equilibrium  studies  can  enhance our  basic understanding  of  the  deportment and 
speciation of trace metals under conditions present in gold processing solutions, and assist in  laboratory 
and  field  investigations.  This  paper presents some initial  results  from  an  initial two-year study into the 
deportment and speciation of trace metals in gold processing solutions. 
Although equilibrium models can be very useful in determining the deportment and fate of trace metals in 
process solutions, it must be remembered that these models have a number of limitations.  The accuracy 
and precision of the modelling is very dependent on the thermodynamic database from which the models 
are generated, and the range of conditions for which the data is available.  In addition, models based on  ( 
thermodynamic data may in  some instances be  unrealistic for  processing solutions which  often  have  a 
short  residence  time,  and  for  which  the  speciation  of  metals  may  be  governed  more  by  kinetic  than 
thermodynamic factors.  For  these  reasons,  care  must be  used  in  the  interpretation of  the  information 
generated by the models and should, where possible, be confirmed by plant data or by laboratory tests. 
1. INTRODUCTION 
The  chemistry  and  deportment  of  copper  and  zinc  during  cyanidation  of  gold  ores  are  well  known 
(Marsden and  House, 2006).  However, little is known of the behaviour of the minor trace elements and in 
particular lead, cadmium and mercury; arsenic, antimony and bismuth; and selenium and tellurium during 
the cyanidation process for gold recovery. 
In Australia, the trace elements antimony, arsenic, beryllium, cadmium, chromium (III&VI), cobalt, copper, 
lead,  manganese,  mercury,  nickel,  selenium  and  zinc  are  listed  by  the  Australian  National  Pollutant 
Inventory (NPI) as  monitoring targets that need  to be  measured and  reported  annually for all  mine and 
mineral processing facility outputs.  The NPI is a public Internet database that displays information about 
diffuse sources and  emissions  of  90  different substances  to  air,  land  and water reported  by  industrial 
facilities.  The  most recent  reports can  be  viewed  on  their website  (http://www.npLgov.au).  The  latest 
reported Australian emissions data for the trace elements of interest to  this review are reported in Table 
1.  Bismuth and tellurium are not included as they are not required to be reported. 
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Table 1: Estimated NPI Reported Emissions (2007-08) from metal ore mining and basic non-
ferrous metal manufacturing in Australia (tonnes/year) 
Metal are mining  Pb  Cd  Hg  As  Sb  Se 
Air  220  5.9  1.4  55  2.5  2.9 
Water  13  1.4  <0.1  3.1  1.5  1.0 
Total  240  7.4  1.4  60  5  4 
Basic non-ferrous 
metal manufacture  Pb  Cd  Hg  As  Sb  Se 
Air  340  15  8.7  72  21  0.8 
Water  2.9  0.6  <0.1  1  0.6  0.5 
Total  340  16  8.8  74  22  1.4 
The  data,  that  include  emissions  from  all  aspects  of  the  mining  and  mineral  processing  operations 
including  the  burning  of  fossil  fuels  on  site,  indicate  that  the  main  trace  metal  emissions  to  the 
environment from  metal  processing  operations are  lead,  arsenic,  antimony and  cadmium.  In  general, 
emissions  to  air  dominate  the  total  emissions,  although  for  certain  trace  elements  (e.g.  antimony, 
selenium) water emissions can  also be significant.  The main emissions from gold mining operations are 
arsenic (-17 out of a total of 60 tonnes/year) and mercury (-6 out of a total of 8.8 tonnes/year).  As such, 
gold mining is the main contributor to mercury air emissions in Australia. 
Currently there is only limited understanding of the behaviour during cyanidation of the various minerals 
that contain trace elements or the deportment of these elements.  Lead has been used as an  additive to 
catalyse  the  gold leaching  reaction  and assist in  the  control of  soluble  sulfides during gold processing 
(Marsden and  House, 2006).  Lead toxicity is now well established but little is known of its deportment in 
the  gold processing  solutions.  Similarly, cadmium  is  now widely classified  as  a human carcinogen  but 
again its deportment in gold processing solutions has not been widely investigated. 
Mercury toxicity  and  the  hazards from  its  use  in  gold amalgamation  are  well  known,  but mercury as  a 
trace  element  of  concern  in  ore  roasting  and  gold  leaching  are  more  recent  issues.  Arsenic,  another 
known carcinogen, has been widely studied in gold processing, particularly the precipitation and disposal 
of solubilised arsenical wastes from  the roasting, pressure leaching or bacterial leaching of gold ores and 
concentrates.  But its deportment during gold cyanidation is less well known. 
Antimony and  bismuth  have  not been  well  studied due  to  their  generally lower concentrations  in gold 
ores, and while bismuth has a lower toxicity, antimony can be compared to arsenic in  its toxic effects on 
humans. 
Selenium is an essential nutrient in trace amounts but is very toxic in high concentrations; it is reported to 
be the third most toxic trace element after mercury and lead (Peters et aI., 1997).  Tellurium is thought to 
be  less  toxic  but  still  to  be  handled  with  care.  Liltle  information  is  currently  available  regarding  the 
deportment of selenium or tellurium in  mineral processing plants.  However, the toxicity of antimony and 
selenium, and to a less extent bismuth and tellurium compounds, requires that we know more about their 
chemical behaviour during gold processing. 
3 2. EXPERIMENTAL 
GOLD PROCESSING SOLUTIONS 
The  data  from  a  recent  survey  of  the  chemical  composition  of  gold  processing  solutions  from  25 
processing  plants  throughout  Australia  were  used  to  simulate  two  "typical"  gold  leaching  solutions  -
representing low and high salinity.  The chemical constituents in these process solutions are given below 
in  Table  2.  These  process  solutions  formed  the  "background"  process  solutions  to  which  the  trace 
elements  were  "added"  during  our  chemical  modelling  simulations.  Each  solution  contained  varying 
levels  of  sodium,  magnesium,  calcium,  chloride,  sulphate,  carbonate  and  cyanide  species.  The 
compositions  of  the  two  solutions  chosen  to  represent  a solutions  typically  found  in  gold  processing 
operations are presented in Table 2. 
Table 2:  Compositions of Simulated Gold Process Solutions 
Total  Concentration (giL) 
Dissolved 
Solids  Na+  Mg2+  Ca2+  cr  sol'  C03
2 .  CN' 
High Salinity  64.00  5.00  0.33  98.42  19.76  0.49  0.20 
(-j90 giL) 
Low Salinity  0.50  0.07  0.05  0.50  0.28  0.07  0.20 
(-1.5 giL) 
To each of these solutions, cadmium, lead, mercury, arsenic, bismuth, selenium, antimony and tellurium 
were  "added",  in  turn,  at  a  concentrations  of  1x104  M  (7.5  - 20  mg/L).  Using  JESS  (Joint  Expert 
Speciation System) for chemical equilibria (Murray and  May, 2008), speciation diagrams for each  of the 
metals in solution were constructed.  JESS is a large body of computer software concerned primarily with 
the modelling of chemical phenomena in solution.  It places a strong emphasis on chemical speciation in 
complex  solutions  (Le.  the  identity  and  relative  abundance  of  the  chemical  entities  in  solution).  The 
database contains in excess of 72,000 reactions and 215,000 constants, of which all have been critically 
reviewed  and  given  a  weighting  factor.  JESS  includes  ALL  available  equilibrium  constants  in  the 
literature rather than, as  is the case with most software, single values for the  thermodynamic constants 
([ [Go,  [[Ho and  nSO).  A weighted average is used in  its calculations with obviously incorrect data being 
given a weighting of zero.  JESS is much more comprehensive than many other modelling packages, and 
more suited to this type of modelling, because all types of chemical equilibria can be modelled, including 
protonation, complex formation,  redox,  solubility and  adsorption.  Variations in  solution temperature,  pH 
and  ionic strength  are  all  taken  into  account.  JESS,  like  all  software  systems, is  constantly evolving, 
changing and improving. 
The diagrams were constructed between pH 7 and pH  13 and the Eh was varied from 810 mV at pH 7 to 
450 mV at pH  13 in order to mimic the redox potential of an air-saturated solution at ambient temperature 
and pressure (Breuer, 2010).  The speciation in the solutions containing arsenic, antimony, selenium and 
tellurium  was  also examined at  a redox  potential  of zero  mV  (or 45  mY)  due to their multiple  oxidation 
states.  The  aim  was  to  examine  how  the  oxidation  states  of  these  species  may  change  in  oxygen 
deficient solutions that could exist in  tailings storage facilities.  The  presence of sulfide minerals andlor 
soluble sulfide ions was not considered at this stage of the modelling exercise. 
( 
The  production  of  chemical  speciation  models  not  only  depends  on  entering  a  number  of  chemical 
parameters into a program and pressing the "SOLVE" button.  The inputs and outputs from the modelling 
software  must be  carefully examined  to  ascertain  how  the  information  was  obtained  and  whether it  is  ( 
appropriate  for  the  situation  at  hand.  Process  solutions  are  often  not  "at  standard  conditions"  of 
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temperature,  pressure  and  ionic  strength  where  most  thermodynamic  data  is  obtained.  The 
thermodynamic equilibrium  constants  used  in  models  can  be  very dependent on  these  variables.  As 
such,  the  use  of  the  data  obtained  from  modelling  must  be  used  with  caution,  or  adapted  to  the 
appropriate conditions of interest. 
3. RESULTS AND DISCUSSION 
TRACE ELEMENTS SPECIATION 
Lead (Pb) 
Lead is  not often present in gold ores but is sometimes used as an  additive, usually in the form  of lead 
nitrate, to assist in the gold dissolution process.  Although it is not certain exactly how it works, the lead is 
thought to reduce the passivation of the  gold by deposition of a metallic monolayer on  the  gold surface 
thereby disrupting the AuCN monolayer causing the passivation (Marsden and House, 2006). 
In gold process solutions, lead is known to form insoluble lead hydroxide or lead sulfide, if sulfide ions are 
present (Sandenburgh and Mahlangu,  2007).  The lead hydroxo-complex  Pb(OHh- may be  present at 
very low concentrations and at high pH  while lead cyanide complexes are very weak (Perera, 2001) and 
probably do not form. 
Lead Speciation (Figure  1): At  low  salinity, the  speciation diagrams generally are  in  line with  what  is 
known,  with lead forming  an  insoluble precipitate over the  entire pH  range studied.  At  low salinity lead 
carbonate  was  the  predominant  species  below  pH  8  and  lead  hydroxide  above  pH  8.  In  reality,  a 
combination of both precipitates may form. 
What has not previously been recognised is that at high salinity, the modelling indicates that lead remains 
soluble  up  to  about  pH  8,  with  numerous  lead  complexes  with  chloride  and  sulphate  being  identified 
(Figure 1).  The implication of these results is that lead can be solubilised in saline process waters below 
pH  8 as  may be  prevalent in  tailings storage facilities.  This has  previously not been considered  as  an 
issue  in  tailings  ponds  and  is  worthy of  further  investigation.  Experiments on  synthetic solutions  are 
currently underway to test this model. 
Cadmium (Cd) 
Cadmium is known to form stable cyanide complexes and as such Cd  minerals may dissolve during gold 
cyanidation.  The  complexes dissociate readily at  low  pH  such  that the complexed  cyanide reports  as 
weak acid dissociable (WAD) cyanide. At higher pH,  under gold cyanidation conditions (pH  -10) at high 
cyanide  concentrations  (10
2M),  the dominant cadmium species is  Cd(CN)/, whereas  at  lower cyanide 
(10·
4M)  the  dominant cadmium  species  are  Cd(OHh (,)  and  the  Cd(CNh complex  (Flynn and  Haslem, 
1995). 
Cadmium Speciation (Figure 2):  The majority of the cadmium formed cyanide complexes above pH  7 
(low salinity)  or above pH  8 (high  salinity).  At  high  salinity below pH  8,  the  mixed  chloro  and  sulfato-
complexes of cadmium predominated (as most cyanide is present as HCN). 
At  high  salinity and  above pH  8,  both  the tetracyanide  (Cd(CN)1) and  tricyanide (Cd(CN);) complexes 
formed  with  the  tetracyanide  species dominating  above  pH  9.  At  both  salinities,  cadmium  hydroxide 
formed just below pH 13.  Minor Cd(CNh (aq) was present at low pH and low salinity. 
In  order to  remove  cadmium  from  solution,  the  cyanide concentration  must be  lowered  sufficiently  to 
precipitate  the  cadmium  as  hydroxide.  This  generally  occurs  above  pH  8  at  very  low  cyanide 
concentrations in a tailings storage facility or during cyanide detoxification (not shown). 
5 Mercury (Hg) 
During the cyanidation process, generally only 10-40 % of mercury in the ore  is extracted along with tile 
gold  and  silver,  although  the  extent of  mercury extraction  is  highly dependent on  the  concentration  of 
cyanide  in  solution  and  the  mineralogy of the  mercury (Zarate,  1985).  Dissolution of  mercury minerals 
leads to  the  formation  of a number of  species including the  neutral  mercuric cyanide  (Hg(CNh), which 
predominates  at  low  free  cyanide  concentrations  (10-4M)  and  the  cyano-complexes  Hg(CN),- and 
Hg(CN)?-, the latter predominating at high free cyanide (10- M) (Flynn and Haslem, 1995). 
Mercury Speciation  (Figure  3):  At  low  salinity,  the  speciation  modelling  indicated  that  the  neutral 
species (Hg(CN)d predominated at pH  7 (low free cyanide concentrations), the complex Hg(CN),  - at pH 
8, and Hg(CN)l- above about pH 9 (at high free cyanide). 
Unexpectedly, increased salinity favoured the formation of the  mercury(lI) tricyanide complex (Hg(CNh) 
over the tetracyanide complex (Hg(CN)?  From  pH  1  0-13, the tricyanide to tetracyanide ratio remained 
constant at -40:60 (high salinity) compared to only -15:85 at low salinity.  This preliminary result needs to 
be confirmed experimentally. 
Mercury complexes,  being  more stable  than  their cadmium  counterparts,  are  harder to  break down  to 
form hydroxide or carbonate precipitates.  In general, mercury is removed by precipitation during cyanide 
detoxification, possibly by precipitation as a heavy metal cyano-complex. 
Arsenic (As) 
Under  alkaline  conditions  found  in  gold  leaching  by  cyanidation,  arsenic  sulfides  in  the  presence  of 
oxygen are decomposed to arsenite (As02-) and arsenate (As03-), with the proportion of each dependent 
on solution composition, oxidation potential and pH. 
AsS  + 40W  =  As02- +  S  +  2H20  +  3e-
AsS  + 70W  =  HAsO.
2
- +  S  +  3H20  +  5e-
Arsenate(V)  forms  sparingly  soluble  salts  with  calcium  while  calcium  arsenites(lII)  are  generally more 
soluble,  meaning  that  arsenate(V)  will  often  exist  in  solution  at  relatively  low  concentrations  while 
arsenite(llI) can  be  present at much higher concentrations  (Magalhaes, 2002).  Neither arsenite(llI) nor 
arsenate(V) form stable complexes with cyanide. 
Arsenic Speciation (Figure 4): Arsenic speciation is difficult due to the large number of species that may 
be formed,  and the fact that the species actually formed are the result of kinetic than by thermodynamic 
factors.  As  such,  the  results  of  this  and  other arsenic  speciation  diagrams should  be  interpreted  with 
caution.  Our  very  preliminary results  are  based  on  no  interconversion  between  the  As(lII)  and  As(V) 
species, and no sulfides being present in solution. 
The general conclusions are  that, at low salinity in  the presence of sufficient calcium, As(V)  will  mostly 
exist  as  the  solid  species  Cas(OH)  (AsO.), (arsenate  apatite  or johnbaumite)  with  variable  but  minpr 
soluble As(V) in solution.  For As(V) at high salinity, the solubility range of the arsenate species (HAsO?) 
is  increased  up to  above  pH  8 before th",  solid  species johnbaumite  is  formed.  As(lIl)  will  be  soluble 
across the pH spectrum as a either HAsO/ or As03
3
•  Salinity makes little difference to As(lIl) speciation. 
Antimony (Sb) 
Antimony has  a very similar chemistry  to  arsenic in  solution.  It  does  not form  stable  complexes with 
cyanide  but  does  form  soluble  antimonites(lIl)  on  dissolution  of  its  sulfides,  affecting  cyanidation  by 
consuming cyanide and  oxygen and retarding gold dissolution (Marsden and  House, 2006).  These can 
( 
be further oxidised to anlimony(V) compounds in oxidising solutions.  l 
6 ( 
2SbS} +  6cN  + 302  =  6CNS  +  2SbO} 
2SbO}  +  O2  + 8H20  =  2Sb(OH);aq)  + 40H 
Antimony Speciation (Figure 5): In aerated solutions at equilibrium all  antimony is present in the Sb(V) 
oxidation state.  At low salinity,  up to  about pH  7.2  (and  7.5 in  high  salinity solutions)  the  predomin<tnt 
species is the insoluble solid Sb20 5, which dissolves at higher pHs to form the soluble complex Sb(OH)6' 
At  the  lower  Eh  of  zero  (Figure 6),  the  main  solid  species  formed  at  low  pH  is  Sb(IV)  oxide  (Sb20.). 
Between pH  9 and  10, this species oxidises and dissolves to  form  the soluble Sb(V) complex Sb(OH)6' 
There is very little difference between the speciation at low and high salinity. 
The modelling indicates that antimony is relatively solubje in the normal pH range of cyanidation liquors, 
and will exist in solution as the hydroxo-complex Sb(OH)6'  The long-term solubility of antimony in alkaline 
solutions has been confirmed in studies on 40-year-old weakly alkaline tailings pore waters which showed 
high concentrations of soluble antimony (>30 mg/L) in solution (Lazareva et aI., 1999). 
Bismuth (Bi) 
What  is known  is  that,  under cyanidation  conditions,  bismuth  minerals may be  oxidised  to  bismuth(lIl) 
which  will  precipitate  as  bismuth  oxyhydroxide.  Whether  minor  concentrations  of bismuth  remain  in 
solution as hydroxo- or other complexes is uncertain. 
Bismuth Speciation (Figure  7):  The  speciation  diagrams  indicate  that bismuth  exists  mainly  as  solid 
bismuth hydroxychloride  (BiCI(OH)d or bismuth oxyhydroxide  (BiOOH). Some soluble bismuth hydroxy 
complex (Bi(OH)4) may form at very high pH (above pH 12) and at high salinity. 
Although the solid form of bismuth needs to be confirmed, the modelling confirms that bismuth will tend to 
be insoluble except at very high pH. 
Selenium (Se) 
In alkaline solutions in the absence of cyanide, selenate(VI) (SeOl) generally predominates under highly 
oxidising  conditions,  while  under moderately oxidising  conditions,  the  selenite(IV)  (SeOt) species  are 
dominant.  Metal selenite salts can precipitate under these conditions.  However, the most stable form of 
selenium under normal conditions is elemental selenium, Se(O), which is relatively stable at all pH values 
in waters that are free of oxidising and reducing agents.  At low redox potentials, which may occur below 
the sediment-water interface in tailings storage facilities, Se(IV) and (VI) can be reduced to the elemental 
selenium. 
Selenium Speciation (Figure 8): Under aerated condi!ions, all selenium is present in the Se(VI) oxidation 
state,  almost  exclusively  as  the  selenate  ion  (SeO/), with  very  minor  quantities  of  the  neutral  but 
soluble species CaSeO.  (aq) and MgSe04 (aq)  at low salinity, and only MgSe04 (aq)  at high salinity 
(due to the much higher concentration of Mg ions in solution). 
At  Eh  = 45  mV  redox potential (Figure 9),  SeD  is stable UP  to  about pH  9 (low salinity) or pH  8.5  (high 
salinity)  with  the  selenite(IV)  species  (HSe03  and  SeO/) becoming  predominant at  higher  pHs.  The 
selenate(VI) ion begins to form  above pH  12.  This means that in oxidising conditions (i.e. above  Eh = 0 
mY),  these  ions  may  build  up  in  solution,  but  at  low  redox  potentials,  which  may  occur  below  the 
sediment-water interface  in  tailings  storage  facilities,  Se(IV)  and  (VI)  can  be  reduced  to  the  elemental 
selenium. 
At this stage, the models do not include other metals in solution.  However, if dissolved heavy metals are 
also  present under these conditions,  quite  insoluble  metal  selenides can  precipitate.  Because  of  this, 
selenium concentrations are generally less than 0.01  mg/L in water that is in equilibrium with solids which 
contain heavy metals (Frankenberger and Benson, 1994). 
7 Tellurium (Te) 
Tellurium  is found mainly as gold telluride minerals that are refractory during cyanidation giving low gold 
dissolution  (Henley  et  aI.,  1995).  Jayasekera  et  al.  (1991)  have  studied  the  dissolution  of  calaverite 
(AuTe,)  in  both acid  and alkaline cyanide media and  have attributed the  refractoriness to  passivation of 
the mineral surface by tellurous acid, a reaction product.  The tellurous acid is soluble at low and at high 
pH (>12) forming the tellurite ion (Te032). 
- - - -
AuTe2(s)  +  2CN  + 80H ~ Au(CN)2  +  2H2Te03(s)  +  2H2 0  + ge 
The teliurite(IV) ion can be oxidised to teliurate(VI) ion under oxidising conditions: 
2TeOl +  O2  ~ 2TeO; 
Tellurium Speciation (Figure 10): At low salinity, the preliminary speciatiQn indicates. that at Eh values of 
810-450 mV,  (aerated solutions) only teliurate(VI) species (H2 TeQ,HTeO, and  TeO/with minor H6Te06) 
exist  at  equilibrium,  whereas  at  lower  potentials  (Eh  ~ 0,  Figure  11)  only  the  teliurite(IV)  species 
(H2TeQ3HTe03and TeO/) are in solution, with the degree of protonation being governed by the pH. 
The models at high salinity are similar, except that the solid species Te02 predominates below pH  7.5 at 
Eh  ~ o. 
Although the selenium and tellurium oxyanions are seen to be soluble over most of the pH range studied, 
we  have  not considered  metals  present in  solution that  may precipitate the  tellurium  species  as  metal 
tellurates and tellurites.  With  heavy metals in solution, solid selenate and/or tellurate salts may form  in 
the solid phase. 
4. CONCLUSIONS 
Modelling can  be  a valuable tool  in  determining the  speciation  and deportment of  trace  metals in gold 
process  solutions.  However,  care  must  be  taken  when  using  the  models  to  investigate  solutions  at 
temperatures  and  ionic  strengths  where  thermodynamic  data  is  not  generally  available.  Initial 
investigations have shown that the models can simulate the general deportment of the trace metals under 
varying conditions of pH and salinity.  However, these models need to be confirmed by experimental data 
and  measurements  in  actual  process  solutions.  More  reliable  thermodynamic data  is  required  under 
process  conditions  to  improve  the  accuracy  of  the  models. 
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